To reach the sites of inflammation, neutrophils traverse the endothelium, its underlying basement membrane, and other barriers depending on the localization of the insulting agent. Whether neutrophil elastase (NE) plays a role in neutrophil recruitment to inflamed sites is still debatable. By exploiting mice deficient in NE (NE 
to address this dilemma. We recruited neutrophils to the lungs or the peritoneum of wild In sum, our findings present the first in vivo description that the absence of NE does not impair neutrophil recruitment to inflamed sites and that NE is not required for basement membrane transmigration of neutrophils.
Introduction
The accumulation of neutrophils at inflamed sites represents a characteristic feature of the innate host response. In the setting of bacterial infections, the purpose of this neutrophilic infiltration is to defend the host by eliminating the invading pathogens and resolving the associated inflammation. To reach inflamed sites, neutrophils traverse various barriers including the endothelium, basement membrane/interstitium, and epithelium in response to localized inflammatory mediators. Much has been learned about the cascade of steps and molecular events during neutrophil recruitment. The adhesion and rolling of neutrophils across the endothelial lining requires the expression and exposure of various molecules on the cell surface of both endothelial cells and neutrophils such as intracellular adhesion molecule-1 (ICAM-1) and integrins (e.g., CD11/CD18) (1) . For transendothelial migration, platelet-endothelial cell adhesion molecule-1 (PECAM-1) and endothelial lateral junction molecules (cadherins) are proposed to facilitate the passage of neutrophils (2, 3) . Despite the progress in understanding neutrophils migration, the mechanisms underlying this process remain poorly understood. Whether neutrophil proteases are implicated in neutrophil recruitment to inflamed sites is still debatable.
Various reports have proposed a role for neutrophil elastase (NE) in neutrophil migration (4) . Mature NE, a highly cationic glycoprotein, is stored in an active form in primary granules at high concentration (~4 µg/10 6 cells) making it a major component of neutrophils (5, 6) . In vitro, NE cleaves ICAM-1 and cadherins (7, 8) . Other studies described NE binding to CD11b/CD18 (9) . NE is capable of cleaving CD14 on the surface of monocytes resulting in decreased expression of the pro-inflammatory cytokines tumor necrosis factor (TNF)-α and interleukin (IL)-8 following exposure of these cells to lipopolysaccharide (LPS) (10) . The enzyme can also cleave various cytokines including TNF-α and Il-8 (11, 12) . Recent studies have shown that NE cleaves vitamin D-binding protein (DBP), a molecule that binds to the surface of neutrophils and amplifies the complement C5a chemotactic activity (13) . At the same time, it was shown elsewhere that NE is able to release complement receptor 1 (CR1), which acts as an inhibitor of complement (14) . The substrate repertoire of NE also comprises α 1 -antiprotease inhibitor and proteins of the extracellular matrix (ECM) such as collagen and laminin. When degraded, these proteins generate chemotactic fragments (15, 16) . While these in vitro findings suggest that NE play a role in neutrophil recruitment, it remains unclear whether the enzyme promotes or dampens neutrophil recruitment. During escape from the vasculature, neutrophils may deploy different mechanisms to emigrate from the systemic (post-capillary veins) or pulmonary (alveolar capillaries) circulation (17) .
Whether neutrophil-derived NE is required in these processes remains obscure as well (18, 19 
Materials and Methods

Reagents
Lipopolysaccharide (LPS) from P. aeruginosa and zymosan were purchased from SigmaAldrich (St. Louis, MO). Zymosan-activated serum (ZAS) was generated by incubating rat serum with zymosan (10 mg/ml) at 37°C for 1 h, followed by heat inactivation at 56°C for 30 min and centrifugation. Luria Bertani broth (10 ml) at 37°C to late exponential phase (3 h). Bacteria were washed twice with phosphate buffered saline (PBS, pH 7.4), and the optical density of the culture determined at 600 nm (1 OD 600 ≅ 1x10 9 bacteria/ml).
Blood leukocyte counts
Peripheral blood was collected from the retro-orbital venous plexus or the inferior vena cava (IVC) where indicated. Blood cell counts were determined using an ABX 9000 hematology cell counter (Biochem Immunosystems, Allentown, PA). Differential cell counts were performed on Wright stained blood smears by the Department of Comparative Medicine (Washington University School of Medicine).
Mouse models of neutrophil recruitment
Intranasal model: Mice were intranasally (i.n.) challenged with P. aeruginosa or its purified LPS as previously described (22, 23) . Briefly, mice were anesthetized by intraperitoneal injection of ketamine hydrochloride (75 mg/kg) and medotomidine hydrochloride (1 mg/kg) followed by i.n. administration of bacteria (4x10 6 Intraperitoneal model: Mice were intraperitoneally (i.p.) infected with 1 ml of saline containing the same inoculum size of P. aeruginosa that was used for the i.n. infection model. Saline alone was used as a control. At designated time points post-inoculation, mice were sacrificed and underwent peritoneal lavage (PL) using 5 ml of HBSS.
The total cell numbers in BAL and PL fluids were determined by hemacytometer.
For differential counts, cells were cytospun, Wright stained, and 100 cells/slide counted using standard morphological criteria.
Protein and albumin concentrations
The total protein concentration in the cell-free BAL fluids was determined by the bicinchoninic acid assay (BCA, Pierce, Rockford, IL). Briefly, samples (25 µl) were incubated with BCA reagent (200 µl) in a 96-well plate at 37˚C according to the manufacturer's recommendations. Bovine serum albumin was used as standard.
Following incubation for 30 min, changes in the absorbances were measured using a plate reader at 562 nm and were proportional to the amounts of proteins in the sample.
The albumin concentration was determined using the bromocresol green assay (BCG, Sigma-Aldrich), according to the manufacturer's recommendations. Briefly, 100 µl of samples or standards were incubated with 900 µl of BCG substrate for 60 sec at room temperature. Changes in absorbances were recorded by spectrophotometer at 628 nm and were proportional to the albumin concentrations in the samples.
Lactate dehydrogenase (LDH) activity assay
The activity of LDH in cell-free BAL fluids was determined by the LDH determination kit according to the manufacturer's instructions (Sigma-Aldrich) and used as a marker for cytotoxicity (24) . LDH catalyzes the oxidation of lactate to pyruvate. This reaction is coupled with reduction of NAD to NADH, which is followed spectrophotometrically at 340 nm. The LDH activity, which is proportional to the rate of decrease in absorbance, was expressed as mU/ml of cell-free BAL. Briefly, 100 µl of BAL samples were added to 900 µl LD-L reagent and changes in absorbances were recorded over 3 min.
Cytokine levels
IL-1β and TNF-α concentrations were determined in cell-free BAL fluids using ELISA kits from R&D systems (Minneapolis, MN). Briefly, 50 µl of BAL samples were incubated for 2 h in 96-well plates that were pre-coated with purified polyclonal antibodies specific to mouse IL-1β and TNF-α. Recombinant mouse IL-1β and TNF-α were used as standards. Reactions were incubated for 2 h with horseradish peroxidase linked antibodies specific for IL-1β or TNF-α. Following addition of chromogenic peroxidase substrate, changes in absorbances were measured using a plate reader at 450 nm and were proportional to the amounts of cytokines bound to the plates.
Myeloperoxidase (MPO) activity assay
MPO activity was determined in perfused and lavaged lungs as previously described (20) .
Briefly, whole lungs of each mouse were homogenized (Tissue-Tearor, Biospec Products, Bartlessville, OK) for 30 sec at 30,000 rpm in 5 ml of PBS on ice followed by centrifugation for 10 min at 4˚C. The supernatant was discarded and the pellet resuspended in 1 ml PBS, containing 0.5% hexadecyl-trimethyl-ammonium-bromide (HTAB) and 5 mM EDTA. Following three freeze/thaw cycles, the suspension was centrifuged for 10 min at 15.000 rpm and the MPO activity in the supernatant determined as follows: 100 µl of sample were mixed with 1 ml HBSS, 200 µl HTAB/EDTA-PBS, 100 µl O-Dianisidine (1.25 mg/ml) and 100 µl H 2 O 2 (0.05%). The enzymatic activity of MPO, which is proportional to changes in absorbances, was recorded over 6 min by spectrophotometer at 460 nm.
Neutrophil elastase activity
The elastolytic activity in cell-free BAL fluid was assessed by zymography as previously described (20) . Briefly, BAL supernatants or cell lysates (20 µl) were migrated under non-reducing conditions at 4°C on SDS-PAGE gels (12%), containing 1 mg/ml elastin.
Purified NE (0.1 µg) was used as a control. Following electrophoresis, gels were soaked in 2.5% Triton X-100 for 30 min, rinsed briefly, and incubated at 37°C for 48 h in 50 mM
Tris HCl (pH 8.2), containing 5 mM CaCl 2 . The gels were then stained in Coomassie reagent and destained in 5% acetic acid and 10% methanol. Active NE appears as a transparent lysis band at ~29 kD.
Lung histology
NE -/-and WT mice were subjected to P. aeruginosa instillation or sterile saline as Lung wet/dry weight ratio NE -/-and WT mice were subjected to P. aeruginosa or sterile saline instillation and sacrificed 24 h post-challenge as described above. To assess edema, the lung wet/dry weight ratio was determined as previously described (26) . The lungs were gently perfused, excised en bloc, blotted dry on gauze, immediately weighted, and placed in a desiccating oven at 65°C for 48 h. Dried lungs were weighed and the wet/dry weight ratio calculated.
Evans blue dye assay
To assess microvascular permeability related to lung injury, we used a modification of the Evans blue dye (EBD) extravasation technique as previously described (27) . Mice were injected with EBD (20 mg/kg) via the left jugular vein 3 h before they were sacrificed. Next, a heparinized sample of blood was collected and the plasma was obtained by centrifugation. Perfused lungs were homogenized in 2 ml PBS and incubated with 2 volumes of deionized formamide for 4 h at 60°C, followed by centrifugation for 10 min at 2000 rpm. Absorbances of lung tissue supernatants and plasma were measured at 620 and 740 nm and corrected for contaminating heme pigments using the formula, E 620 = E 620 -(1.426 x E 740 + 0.03). A permeability index was defined as lung/plasma absorbance ratio.
Bacterial clearance following lung infection
NE -/-and WT mice (n=5/genotype) were i.n. infected with P. aeruginosa and sacrificed after 24 hours as described above. A blood sample was taken from the IVC. Next, the whole lungs, liver, spleen and kidneys of each mouse were aseptically removed, rinsed with sterile PBS and homogenized in 5 ml of PBS. Serial dilutions were immediately plated and the numbers of viable bacteria determined following overnight incubation at 37 o C.
Respiratory burst assay
Neutrophils were recruited to the lungs of NE -/-and WT mice by instillation of LPS and harvested 24 h post-challenge as described above. In parallel experiment, mice from each genotype were i.p. injected with glycogen (15%, 1 ml) and recruited cells were harvested after 4 h as previously described (20) . Differential cell counts and trypan blue exclusion found that cell suspensions contained >90% viable neutrophils. min at 37˚C, the reactions were stopped by placing the samples on ice. Finally, the samples were centrifuged for 5 min at 4˚C and the supernatants assayed at OD 550 . The amount of superoxide anion production was calculated as previously described (28) .
Chemotaxis and basement membrane transmigration assays
Both human and mouse neutrophils were subjected to chemotaxis or transmigration assays using a modified Boyden chamber assay as previously described (21) . Briefly, glycogen-elicited neutrophils were isolated from the peritoneum of NE -/-and WT mice as Matrigel ® is a solubilized basement membrane extracted from Engelbreth-Holm-Swarm mouse sarcoma that contains laminin, collagen type IV, proteoglycan, entactin, and growth factors. After 3 h incubation at 37°C in humidified 5% CO 2 -air, the filter membranes were stained and mounted on glass slides. The number of cells that migrated underneath the filter membranes was determined by counting five random high power fields (X400) per condition. Each experiment was performed in triplicate.
Statistical Analyses
Unless specified, data are expressed as means +/-SD. Where appropriate, differences between single groups were tested using Student's unpaired t-test. For the time course experiments, overall differences between genotypes of mice were tested by two-way analyses of variances with group and time as factors. Logarithmic transformation was performed before analyses if parameters presented a log-normal distribution. Empirically found Pvalues were alpha-adjusted according to Bonferroni and statistical significance was assumed at a predefined level of α< 0.05. Tests were performed using the Statistical Analysis System 6.12 (SAS Institute Inc., Cary, NC).
Results
Differential counts of circulating leukocytes
Peripheral blood from NE -/-mice and their WT littermates was collected and analyzed for circulating leukocytes. Table 1 shows that unchallenged NE -/-and WT mice have comparable total circulating leukocyte counts and percentages of neutrophils, monocytes, lymphocytes, and eosinophils (P > 0.05 for differences between groups).
Neutrophil recruitment to the lungs following intranasal infection with P. aeruginosa
Neutrophils represent the earliest phagocytes that accumulate at sites of inflammation.
To determine whether NE plays a role in neutrophil recruitment, we subjected NE -/-and WT mice to a model of i.n. infection with P. aeruginosa. First, we determined a sublethal dose of P. aeruginosa that resulted in signs of distress including lethargy and 
Assessment of lung injury following intranasal infection with P. aeruginosa
Lung wet/dry weight ratio, permeability index, LDH activity, and histologic scores are shown in Table 2 . These parameters were evaluated to assess the levels of inflammation and injury, associated with P. aeruginosa infection. As expected, infection of both NE -/-and WT mice resulted in significantly elevated values for all parameters when compared to saline instillation. However, there were no appreciable differences in these values between groups regardless of the genotype of mice or the type of treatment received.
Neutrophil recruitment to the peritoneum following intraperitoneal infection with P. aeruginosa
The mechanisms of neutrophil extravasation have been shown to vary between the pulmonary and systemic circulation (17) . To examine whether the role of NE in neutrophil recruitment depends on the type of vasculature beds, we subjected mice from both genotypes to i.p. infection with the same P. aeruginosa dose as for i.n. infection and monitored the capacity of neutrophils to migrate to the peritoneum over time. At this dose, i.p. infection resulted in less severe signs of distress than i.n. infection but the mice still displayed decreased activity and hunched posture. Compared to the lung infection model, a marked increase of leukocytes, including neutrophils was observed as early as 4 h and reached its maximum by 24 h (Figure 1D and E). Notably, neutrophil recruitment to the peritoneal space appeared to plateau earlier than in the i.n. model but was comparable for both NE -/-and WT mice (P > 0.05 for differences between groups).
Recruitment of neutrophils following intranasal instillation of P. aeruginosa LPS
The in vivo role of NE in neutrophil recruitment was further assessed in a different lung model where we replaced whole P. aeruginosa bacteria with its product LPS. LPS, a potent virulence factor of Gram-negative bacterial walls, has been employed in a variety of animal models to incite an acute neutrophilic response in the lung (23) . At 4 h following LPS exposure, both NE -/-and WT mice had similar marked increase in circulating leukocytes (Figure 2A and B) . By 24 h, peripheral cell counts including neutrophils declined similarly in both mice to baseline levels and increased by 48 h (P > 0.05 for differences between groups). The recruitment of neutrophils to the alveolar spaces had, however, a different dynamic. The BAL fluids from both groups of mice showed a comparable moderate increase of leukocyte numbers at 4 h, but a fulminant influx by 24 h post-challenge ( Figure 2C and D) . These cell counts outnumbered those observed in the lung infection model and the cytospin analyses confirmed neutrophils as the dominant cells ( Figure 2E ). Also, there was a gradual and comparable increase of MPO activity in both genotypes up to 24 h followed by a drop in the ensuing hours (P > 0.05 for differences between groups) ( Figure 2F ). Of note, MPO activity reached its peak coinciding with the observed drop in the numbers of circulating leukocytes.
Lung permeability
To assess the permeability of lung alveolo-capillary barriers in the LPS-induced acute neutrophilic response, we determined the total protein and albumin concentrations in cellfree BAL fluids. Total protein levels increased markedly and similarly over time in NE -/-and WT mice. This finding was confirmed when leakage of serum albumin into the alveolar spaces was determined (P > 0.05 for differences between groups) ( Figure 3A and B).
Cytokine levels
The local productions of the pro-inflammatory cytokines IL-1β and TNF-α associated with LPS-mediated inflammation were measured. While the levels of IL-1β gradually increased over the observed period, the TNF-α response attained its peak by 4 h and declined considerably thereafter ( Figure 3C and D). These changes in cytokine levels were comparable in both groups of mice (P > 0.05 for differences between groups).
Neutrophil elastase activity
As shown above, high numbers of neutrophils accumulate in the alveolar spaces by 24 h following challenge with P. aeruginosa or LPS. Using cell-free BAL fluids from both models, we aimed to determine the activity of released NE by elastin zymography ( Figure   4 ). At equal volumes, a single lysis band that migrated similarly to control NE was detected in both P. aeruginosa and LPS cell-free BAL fluids from WT mice. However, this band was more intense in the P. aeruginosa BAL samples than the LPS samples. No NE lysis bands were detected in cell-free BAL fluids from either NE -/-or saline control mice. This indicates that while NE -/-mice do not express NE, saline instillation does not cause recruitment of neutrophils and/or release of NE. Of note, the observed NE activity was inhibited by PMSF (1 mM), but not EDTA (10 mM), excluding the contribution of P. aeruginosa metalloelastase (data not shown). Under our experimental conditions, neither SLPI nor α 1 -AT altered the transmembrane migration of neutrophils (P > 0.05 for differences between groups) ( Figure 6C ).
Respiratory burst, chemotaxis, and migration
NE
Discussion
Because of its ability to degrade various structural proteins (e.g., ECM proteins and cadherins) NE was proposed to clear the path for neutrophil recruitment to inflamed tissues (29) . This is an attractive possibility particularly that NE was shown to bind to the surfaces of neutrophils and is catalytically active and resistant to inhibition by circulating antiproteases (30, 31) . Furthermore, a recent study reported that NE is preferentially localized at the leading front of migrating neutrophils (32) . By comparing mice genetically deficient in NE (NE -/-) to their WT littermates, we found that unstressed NE -/-mice have normal circulating leukocyte numbers and differential cell counts when compared to WT mice. Also, changes in the hemograms of both types of mice were indistinguishable in the setting of acute inflammation. Next, to examine whether NE could play a role in neutrophil recruitment to inflamed sites, we chose bacterial infection to induce an innate neutrophilic response in mouse lungs or peritoneum. Under our experimental conditions, we show that regardless of the sites of infections, neutrophils are recruited normally in the absence of NE. Also, macroscopic analyses of infected lung tissues from NE -/-and WT mice revealed similar neutrophilic infiltration. Together, these data suggest that neither the presence of NE nor its translocation to the plasma membrane are required for neutrophil egress from the bone marrow or the blood.
Neutrophils contain at least four classes of proteases and it could be that the role of NE is redundant or masked by other proteases. However, deficiency in cathepsin G, a neutrophil serine proteinase stored with NE, does not affect neutrophil recruitment (28) and neutrophils of mice deficient in the matrix metalloprotease-9 (MMP-9) migrate normally in response to various stimuli (21) . It was also suggested that NE activates other proteolytic enzymes such as MMP-9, which degrade ECM proteins and facilitate neutrophil escape (18) . In other reports, NE was proposed to generate chemotactic factors for leukocytes by degrading various proteins including those of the ECM and to activate pro-inflammatory mediators, both of which mediate neutrophil recruitment (16, 33) . However, our data indicate that the expression of MMP-9 and the counts of attracted neutrophils to inflamed sites were similar in both NE -/-and WT mice. Our findings also contrast studies that suggested NE involvement in adhesion of neutrophils to the endothelial lining and their transmigration (e.g., NE degradation of ICAM-1 and cadherins leads to de-adhesion and transmigration of neutrophils) (7, 8) . A support for our in vivo data comes from a study by Luscinskas and his group. Using an in vitro flow model, they observed no differences in the ability of WT and NE -/-or MMP-9
-/-neutrophils to adhere to or migrate through the endothelial monolayer (34) . Another possibility that merits consideration is that the serine proteinase inhibitors block NE (free or cell-surface bound) abrogating its role in cell migration. In vitro, pretreatment of human neutrophils with SLPI or α 1 -AT did not, however, hamper the cell's migration through Matrigel ® in response to different chemoattractants. Altogether, these findings suggest that other proteases secreted by neutrophils or cells in the vicinity (e.g., endothelial cells and/or macrophages) might be involved in neutrophil emigration (35) .
Alternatively, neutrophils egress to the sites of inflammation without the need of any proteolytic activity (36) . For example, depending on the tissue and stimulus, activated neutrophils could signal changes in their biomechanical and adhesion properties and/or those of endothelial cells for migration (37) .
While our findings demonstrate that NE may not be required for neutrophil recruitment to inflamed sites, its role in host defense against invading pathogens is well established (38) . Indeed, we and others have shown that the presence of NE is required for maximal neutrophil intracellular killing of Gram negative, but not Gram positive, bacteria (20, 39) . Our data from P. aeruginosa-and LPS-induced acute inflammation
shows that neutrophil influx, lung injury scores, biochemical markers, and antigenic levels of the pro-inflammatory mediators were similar in NE -/-and WT mice. These findings suggest that NE is not required for cell migration and does not cause changes in the host inflammatory response, but its role in the development of lung injury still cannot Because of its extracellular release and its large substrate repertoire, NE has been implicated in the pathogenesis of various tissue-destructive diseases including acute lung injury (ALI) or acute respiratory distress syndrome (ARDS) (43) . And much interest has focused on the development of a variety of inhibitors to block NE proteolytic activity (44) . Studies that focus on whether NE contributes to lung injury in the setting of acute inflammation are underway. 
